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Abstract
The mechanical behaviour of two types of pasta (noodles and bucatini) was studied in a cantilever-loaded-
at-the-end experimental setup. One end of each pasta was fixed while the other end was submitted to forces
perpendicular to the line determined by the pasta when undeflected. Elastic curves were studied, resulting
in values of E = 2.60 GPa and E = 2.26 GPa for the Young’s modulus of bucatini and noodles respectively.
The relation coming from small slopes approximation between the free end’s displacement and the load was
analyzed, resulting in values of E = 2.33 GPa and E = 2.44 GPa for the Young’s modulus of bucatini and
noodles respectively. Mechanical hysteresis was found in the pasta, resulting in a small deformation. This
experiment can be done with low cost materials and it is a good first introduction to some basic concepts of
elasticity for mechanics courses.
E-mail: vvargasc@unal.edu.co
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1 Introduction
Elasticity theory has been widely developed to study
the behaviour of several materials submitted to forces.
This theory has multiple applications in engineering
and physics. In particular, small deflections of objects
like beams when external forces act upon them have
been deeply studied [1, 2].
The study of materials’ behaviour submitted to forces
is of paramount importance in areas such as structural
analysis, through which it can be determined the load
bearing capacity of a structure, and to compute the
dimensions and the materials to be used for its con-
struction. This is exemplified in many studies, like the
ones carried by Gonzáles et al. [3], Contreras et al.
[4] and Astori et al. [5], where beams laminated with
bamboo and pine were studied to measure their elastic
properties with the goal of obtaining data about their
resistance, their structural quality, among others, in
order to be used as construction materials.
With regard to edible pasta (spaghetti, bucatini, noo-
dles, among others) it is normal to apply this theory
to make the products undergo quality controls. The
main goal is to determine how the environment con-
ditions like humidity, pressure and temperature affect
the rheological properties of pasta, in particular the
rigidity [6]. Notwithstanding, there does not exist a
global standard of specific concentrations of the pas-
tas’ ingredients, allowing its composition to be varied
from factory to factory. This fact is clearly reflected,
for instance, in the variation of the Young’s modulus
reported for pasta from different parts of the world.
Some Young’s modulus of spaghetti were measured to
be 5 GPa [7], 4.75 GPa [8], 0.474-0.610 GPa [9], 0.05-
0.20 GPa [10]. It is important to note that different
measurement methodologies were used in these stud-
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In the context of our work, elastic behaviour of a va-
riety of pasta (noodles and bucatini) with different ge-
ometries (elliptical and ring-like cross section, respec-
tively) was analysed. The pastas were set up as can-
tilever beams, submitted to a force in the free end. In
the Theory section of the document, the small slopes
approximation is summarily exposed, the equation that
models the curvature generated on the pastas when
they are submitted to a force is deduced, and the rela-
tion between the vertical displacement of the free end
and the force is showed. In the Experimental Setup
section, the physical characteristics of the pasta used
is described, as well as the materials used in the setup,
and the cares taken to perform the measurements. In
the Results and Analysis section, the Young’s modu-
lus measurements, elastic curves and hysteresis curves
of the pasta are presented. The main conclusions are
shown in the last section.
The experiment carried out is of low cost, and allows
physics and engineering first-year students to approach
the qualitative and quantitative study of the basic as-
pects of the material’s theory of elasticity.
2 Theoretical Framework
A beam is a solid which, when free from external forces,
is symmetric with respect to a given straight axis [?].
This solid can be thought as the junction of many thin
sheets, each of them perpendicular to the straight axis.
These sheets are called cross sections. If all the cross
sections are identical then the beam is characterized by
a uniform cross section. The solid can also be thought
as the junction of several thin fibers parallel to the men-
tioned axis. If the beam is bent because of an external
force, then the fibers on the upper part of the beam will
be stretched, while the fibers on the lower part of the
beam will be shrunk, as it can be seen from Figure 1.
However, there is a fiber that is neither stretched nor
shrunk. If the beam has a uniform cross section this
fiber passes through each cross section’s center of mass
and it is the same as the straight axis, called the neutral
axis [12].
Consider a horizontal beam of length s0 and uniform
cross section, anchored at only one end and with a
load P = mg (where m is the mass used) hanging
from the other one, as shown in Figure 2. An existing
model which describes the behaviour of the beam using
Figure 1: Neutral axis of a bent beam.
a small slopes approximation [1, 13] will be shown, as
well as the the dependence of the vertical displacement
on the load on the pasta.
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Figure 2: Curvature of a cantilever-loaded-at-the-end
of longitude s0, where ` is the x coordinate of the free
end of the cantilever, P is the load hanging from that
end, and (x, y) are the coordinates of a point Q on the
cantilever.
In this analysis it is assumed that the beam is made of
an elastic material (one that obeys Hooke’s law) and
that its total length is constant [1]. The beam’s bend-
ing moment M can be written as [12]
dθ
ds
=
1
ρ
=
M
EI
, (1)
with θ is the rotation angle of the bent curve, ρ is the
beam’s radius of curvature, I is the second moment of
inertia of its cross section with respect to the rotation
axis and E is the Young’s modulus of the material.
When the beam is bent, its cross section rotates with
respect to an axis perpendicular to its neutral axis (see
figure 1, this perpendicular axis would be pointing per-
pendicular to the paper). The cross section’s second
moment of inertia I =
∫
S r
2dA can be calculated with
respect to the neutral axis, where S is the cross section
area, r is the distance from a point P to the axis and
dA is the surface element.
Since it is possible to assign to each point in x a unique
y coordinate, because we have y = y(x), then the ra-
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dius of curvature can be written as follows
ρ =
[
1 +
(
dy
dx
)2]3/2
d2y
dx2
, (2)
which allows to rewrite the equation (1) as:
d2y
dx2[
1 +
(
dy
dx
)2]3/2 = MEI , (3)
Chen [14] defined z =
dy
dx
, so that equation (3) can be
written as
dz
dx
=
M(x)
EI
(1 + z2)3/2 (4)
=⇒ z√
1 + z2
=
x∫
0
M(x˜)
EI
dx˜ ≡ G(x). (5)
Since the arc length s on the beam satisfies
ds =
√
1 + z2dx, (6)
the equation (5) can be written as
ds
dx
=
1√
1−G2(x) . (7)
2.1 Small slopes analysis
If the displacement of any given point in the loaded
beam is small compared to its position when the beam
is unloaded, it can be assumed that the term (dy/dx)2
is negligible. This is called the small slopes approxima-
tion:
ρ =
(
d2y
dx2
)−1
, (8)
which is valid as long as(
dy
dx
)2
 1. (9)
Equations (1) and (8) imply:
d2y
dx2
=
M
EI
. (10)
The bending moment of a cross section which lies at a
distance x of the origin due to a load P on the free end
of the beam is [12]
M = P (`− x). (11)
Replacing (11) in (10) the following differential equa-
tion is obtained:
d2y
dx2
=
P (`− x)
EI
. (12)
Using the initial y(0) = 0 and boundary (dy/dx)x=0 =
0 conditions, it is found that the beam’s displacement
curve’s equation is:
y(x) =
P
6EI
[3`x2 − x3]. (13)
Furthermore, from equation (11) it is possible to verify
that
G(x) =
P
2EI
(2`x− x2). (14)
Note that equation (13) applied to the condition in (9)
implies that (
P
2EI
)2
(2`x− x2)2  1. (15)
Since the left hand side of equation (15) reaches its
maximum precisely in the beam’s free end, where x =
`, then we can conclude(
P`2
2EI
)2
 1. (16)
Solving equation (13) for EI when x = ` so that we
obtain the small slopes condition [?]
s.s. ≡ 9y(`)
2
4`2
 1. (17)
2.2 Relation between deflection and load
It’s possible to evaluate equation (13) at the free end
of the pasta in order to obtain the relation between
displacement in the y axis of the beam’s free end (de-
flection) and the load on the beam. Then, using coor-
dinates (xf , yf )
yf =
P
6EI
[3`x2f − x3f ]. (18)
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Note that in this case xf = ` (see Figure 2) and we
conclude
yf =
P`3
3EI
. (19)
In equation (19) the value ` is clearly a function of
the applied force, since this is the parameter that de-
termines the deformation of the beam. However, the
small slopes approximation assumes that ` ≈ s0. Then,
equation (19) can be rewritten as
yf ≈ Ps
3
0
3EI
. (20)
Therefore, under the small slopes approximation, the
deflection yf is a function of the applied load P , and
the slope of its graph gives the Young’s modulus E.
3 Experimental Setup
Two different types of pasta1 were used (noodles and
bucatini) with different cross sections, as shown in Fig-
ure 3. Pasta’s lengths were measured with a common
ruler, with a precision of 1 mm. The major and minor
axes of the elliptical cross section of the noodle, and
the inner and outer radius of the ring-like cross section
of the bucatini were measured with a vernier capiler of
precision 0.02 mm.
A B
Figure 3: Cross sections of A) bucatini and B) noodle,
where the dotted lines represent the rotation axes for
each pasta. Bucatini has a ring-like cross section, and
the noodle has an elliptical cross section.
As it is seen in Figure 4, each pasta was drilled on one
of its ends with a thin hot wire with the purpose of
hanging a hook that acted as a load support, so that
the loads could be easily hung from the hook. The
pastas were never broken at the drilling points under
load, and thus we consider that the drillings do not
affect the measurements.
1Colombian pasta brand Doria was used.
Figure 4: Photo of a pair of bucatini and noodle,
drilled at their free ends.
Each pasta was clamped by putting 5 cm of them be-
tween a pair of hard rubber rectangular sheets (R).
These were also put between two wooden blocks (W)
as recommended in [7]. On top of the upper wooden
block, a mass of 3.75 kg was located in order to firmly
fix the clamped end of the pasta, as shown in the Fig-
ure 5. The hard rubber sheets provide firmness and
avoid fractures or slips in the clamped region of the
pasta.
RW
M
m
Figure 5: Scheme of the experimental setup used for
the study of the pasta’s elastic properties, where m is
the applied load, M is a mass of 3.75 kg, W are two
flat wooden blocks, and R are two hard rubber sheets.
Additionally, as seen in Figure 6, two pieces of pasta
were located between the rubber sheets, parallel to the
main pasta in order to provide stability to the upper
block.
Metallic clips were used as loads. 100 clips were mea-
sured with a digital scale (OHAUS Scout Pro - 2000g)
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Figure 6: Transverse view of the experimental setup
shown in Figure 5. M,W and R are the same as in
Figure 5, Ss are a couple of pasta pieces used as lateral
supports, and S is the pasta to study.
Figure 7: Picture of the cantilever setup.
to obtain the mean value of the mass of a clip. The re-
sult was m =0.343±1× 10−3 g, and we assume that all
the clips weight this value. To measure the pasta’s de-
flection, a camera was positioned at a distance of 1.5 m
from the pasta so that the camera pointed perpendic-
ularly to the deformation plane of the pasta. Pictures
were taken while the hook was being loaded (loading
process) and unloaded (unloading process). The loads
(clips) were added to the hook, in intervals ∆t of 30
seconds, with care as to avoid oscillations. The soft-
ware Tracker Video Analysis [15] was used to process
the digital images in order to measure with precision
the displacements of points on the pasta. A picture of
the experimental setup is shown in Figure 7.
Three experiments were carried out. For the first one,
with the pasta in distension, clips were added to the
mass support in constant temporal intervals ∆t. The
load was added successively until the pasta broke. For
each added load, the free end’s deflection was mea-
sured. The second experiment consisted in loading the
pasta (in the same way as in the first experiment) up
to a point in which the load was less than the needed
to break the pasta, then the pasta was unloaded in the
same fashion with the purpose of measuring mechan-
ical hysteresis. The behaviour of the deflection was
measured during loading and unloading processes. In
the third experiment, the displacement of some points
marked on the pasta were measured for some fixed
loads, with the purpose of fitting the elastic curve. The
results of these experiments are shown in the next sec-
tion.
4 Results and discussion
4.1 Vertical displacement vs load
Figure 8 shows the experimental data of vertical deflec-
tion versus load applied for 6 bucatini and 6 noodles
of different lengths and the linear regression calculated
with equation (20). The load was modified in inter-
vals of ∆mb = 5m for bucatini and ∆mn = 2m for
noodles. The data set used for the linear regression
(equation (20)) was selected taking into account the
maximum number of experimental points whose Pear-
son’s coefficient was greater than 0.995 for both bu-
catini and noodles. This criterion was used to study
only the experimental data where the pastas had a lin-
ear response to the applied external force. The relation
studied is not linear over the whole domain of the load,
but only over the data where the loads are small. This
non-linearity is more visible in the noodles as compared
to the bucatini. It is also noticeable that for the same
load the bucatini have a lesser vertical deflection than
the noodles, this is due to the difference between the
pasta’s structure (see Figure 3).
The values of Young’s modulus found for bucatini us-
ing the slopes of Figure 8 are shown in Table 1. Hav-
ing Young’s modulus E for each pasta, it is possible to
solve equation (7) to obtain the length s associated to
the measurement of E. This means that the relation
s(E) ≈ s0 determines the validity of the approxima-
tion: if the difference between s and s0 is small, then
the approximation is valid. The average Young’s mod-
ulus for bucatini is E = 2.33GPa.
It can be seen in Figure 8 that for the noodles the ver-
tical displacement-load relation is definitely non-linear
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A)
B)
Figure 8: Relation between vertical displacement and
load for A)bucatini and B)noodles as a function of the
pasta’s length. Linear regressions for each set of data
are shown as solid lines. The last data point of each set
corresponds to the maximum load before breaking the
pasta.
for big loads. There are two main causes for this: the
first one is the difference between the y axis displace-
ment and the real displacement of the noodle. With
small deflections on the pasta the displacement is al-
most completely on the y axis (the one that was mea-
sured). It is clear from Figure 8 that the pasta has a
linear behaviour when the loads (and therefore the de-
flections) are small. But when the displacement is big
there is an important portion of it corresponding to dis-
placement on the x axis, causing a difference between
the real displacement of the pasta and the one that
was measured. The second cause, which is thoroughly
s0 (cm) E (GPa) s(cm)
10 2.18 10.0
12 2.31 11.9
14 2.36 14.0
16 2.26 15.8
18 2.63 18.0
20 2.24 20.0
Table 1: Young’s modulus (E) associated to the
length of each bucatini using the linearity between ver-
tical displacement and load (equation (20)). Each E
solves equation (7), resulting in a value of s, which is
the calculated length of each pasta according to the
model.
s0 (cm) E (GPa) s(cm )
10 2.44 10.1
12 2.79 11.8
14 2.92 13.7
16 2.98 15.5
18 3.24 17.3
20 3.43 19.0
Table 2: Same as Table 1, but for noodles.
studied in section 4.2, is that big loads can permanently
modify the molecular arrangement of the pasta, caus-
ing not only an elastic behaviour, but also a plastic
one, slightly deforming in a permanent way the length
of the pasta [16].
The values found for Young’s modulus using the ver-
tical displacement versus load relation (equation (20))
for noodles are shown in Table 2. The average Young’s
modulus for noodles is E = 2.96 GPa.
From tables 2 and 1 the length s of the pastas has a
maximum discrepancy of 5% with the measured value
s0. This kind of difference can be due to the used
approximations [?]. Also note from the tables that as
pasta’s length increases, so does the Young’s modulus
as well as the difference between s and s0. We believe
this happens because, given a fixed load, the longer the
pasta, the larger the deflection. This results in larger
deviations from the small slopes approximation.
4.2 Mechanical hysteresis
If there are no external forces on the pasta it is in
macroscopic equilibrium. When external forces act
upon it, its molecular arrangements oppose these forces
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resulting in a restoring force. This restoring force is,
generally, non-conservative and it depends on the mag-
nitude of the external force. The presence of a non-
conservative force is evident when the loading and un-
loading processes are carried out, since it is observed
the presence of the mechanical hysteresis phenomenon
[16]. This phenomenon consists in the restoring force
being larger in the loading process than in the unload-
ing process, resulting in a permanent deformation of
the material at the end of a load-unload cycle.
To measure the mechanical hysteresis curve, a maxi-
mum load of 95 clips was hung at the free end of a
bucatini, and a maximum load of 48 clips was hung at
the free end of a noodle. Both pasta were 21 cm long.
Both bucatini and noodles have small hysteresis, being
the loading curve slightly different from the unloading
curve. The shaded area in Figures 9 represents the
work done by non-conservative forces. This work is re-
lated to the change in the pasta’s curvature. The work
for the bucatini is W = 8×10−4J and for the noodle is
W = 3.14×10−4J. We conclude that the pasta present
mechanical hysteresis, resulting in a small elongation
and curvature after the loading-unloading cycle.
4.3 Elastic curve
The small slopes equation (13) was fitted to a set of
points distributed onto the pasta in order to find the
elastic curves of a 21 cm bucatini and a 20 cm noo-
dle, subjected to three different fixed loads. Figures 10
show the experimental data, as well as fitting curves for
both pasta. To satisfy condition (17), three small loads
were selected so that the deformation in the pasta was
not too large.
Since each curve in Figures 10 is a function of Young’s
modulus, then the small slopes method allows us to find
the modulus that better fits the data. Young’s moduli
associated to bucatini curves are shown in Table 3.
From Table 3 a mean value of E = 2.60 GPa is ob-
tained for the Young’s modulus for the 21 cm bucatini.
This value is larger compared to the one found in sec-
tion 4.1 (a difference of 10%). This occurs because the
equation (13) of the elastic curve does not take into
account the ` ≈ s0 approximation made in section 4.1.
Note that the length values computed for the different
loads shown in Table 3 coincide with the 21 cm buca-
tini’s length. This shows that the small slopes approx-
imation is valid. In the case of noodles, the values of
A)
B)
Figure 9: Hysteresis curves for A) bucatini and B)
noodle, each one with a length of 21 cm. The black
dots represent experimental measurements correspond-
ing to the loading process and the white dots the ones
corresponding to the unloading process. The arrows
show the temporal order of the measurements.
Young’s modulus found with equation (13) are shown
in Table 4.
In this case a mean value of E = 2.26 GPa was foundrm
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A)
B)
Figure 10: Experimental data of beam’s curvature for
A) bucatini of 21 cm and B) noodle of 20 cm, subjected
to three different loads (clips). The elastic curves were
found fitting equation (13).
the validity of the approximation (` ≈ s0), equation (7)
was solved. In this case, it must be true that G2(x) < 1
in order to carry out a numerical integration. Since
G(x) reaches a maximum when x = `, then solving the
equation (7) depends on the truth value of
P`2
2EI
< 1. (21)
For bucatini and for noodles, small loads must be cho-
sen so that the condition (21) is satisfied. Taking into
account the lengths s computed with the equation (7)
shown in Tables 3 and 4, and comparing them with the
lengths shown in Tables 1 and 2, we see that the former
show slightly better accuracy than the later. This sug-
gests that the elastic curve method provides more pre-
Clips E (GPa) s.s.× 10−1 s(cm)
25 2.53 0.28±0.01 21.0
35 2.62 0.51±0.02 21.0
45 2.65 0.82±0.02 21.1
Table 3: Young’s modulus E associated to the loads
(units are clips) for the 21 cm bucatini using the small
slopes method (equation (13)). The s.s. coefficient is
also shown, as well as the length s associated to each
E obtained with the equation (7).
Clips E (GPa) s.s.× 10−1 s(cm)
6 2.15 0.67 19.8
10 2.32 1.47 20.0
14 2.32 2.59 20.2
Table 4: Same as Table 3, but for noodles.
cision than equation (20) when calculating the Young’s
modulus.
5 Conclusions
The small slopes approximation allows the use of verti-
cal displacement versus load data, to obtain the pasta’s
Young’s modulus. This approximation is valid to deter-
mine the value of E in fragile materials such as pasta,
as long as small loads are used, so that there is a lin-
ear relation between vertical displacement and load.
For the bucatini it was found that E = 2.33 GPa and
for the noodle E = 2.44 GPa. From the elastic curve
it was found that the values of Young’s modulus are
E = 2.60 GPa for bucatini and E = 2.26 GPa for
noodles.
Once the pasta’s Young’s modulus are calculated with
the elastic curve method, the theoretical length s of
each pasta can be found. These lengths are consistent
with the measured lengths s0. However, when the value
of Young’s modulus calculated with the small slopes
method was used, discrepancies of up to 5% were found
between the computational and the measured length of
the pasta. Despite this, both equations are found to be
appropriated for the determination of Young’s modulus
in fragile and brittle materials such as pasta.
Mechanical hysteresis was found in the pasta, suffer-
ing permanent deformations after a loading-unloading
cycle. The work performed by non-conservative forces
that causes this deformation was found to be W =
8
8× 10−4 J for the bucatini and W = 3.14× 10−4 J for
the noodle. The experiments described in this paper
make up a simple and effective method for the study
of the elastic behaviour of accessible materials for any
laboratory.
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